We studied the impact of dehydroepiandrosterone (DHEA) supplementation in women with diminished ovarian reserve and very low DHEA-S in the blood. Aim: In vivo study. The paper also presents a review of the literature regarding diminished ovarian reserve and the use of dehydroepiandrosterone. Material and methods: The paper presents a description of 5 patients with diminished ovarian reserve (DOR). Patients reported because of problems with getting pregnant. Infertility lasted for several years. The patients disagreed on in vitro fertilization (IVF) for ethical and religious reasons. All of the presented patients were diagnosed with diminished ovarian reserve (very low anti-Müllerian hormone or high follicle stimulating hormone, elevated estradiol concentration on day 3 of the cycle). We also found a very low dehydroepiandrosterone sulphate (DHEA-S) concentration. The patients were given dehydroepiandrosterone. After several months of treatment (3-6 months), the patients became pregnant. None of them had procedures for in vitro fertilization. Results: Five patients gave birth to healthy children. Our experience with DHEA is much greater, but these 5 cases are very well documented. The obtained results indicate that DHEA supplementation in conditions of its deficiency improves the function of the ovaries and increases the chance of pregnancy. Conclusions: In some cases the aging of the ovaries can be delayed by administering DHEA. This effect occurs specially when the endogenous concentration of DHEA-S is reduced. In the case of reduced ovarian reserve, DHEA-S concentration should be determined.
introduction Moving the procreation plans to a later age is often associated with greater problems in obtaining the desired pregnancy.
Worsened ovarian function causes estrogen deficiency and lowering the ovarian reserve [1] . Hormonal insufficiency causes metabolic consequences such as premature atherosclerosis, a decrease in bone mineral density (osteopenia, osteoporosis), as well as urogenital symptoms: vaginal dryness and infections. The most important aspect for each woman is the reduction in fertility.
The response to ovarian hormone insufficiency is elevated follicle stimulating hormone (FSH) concentration on the 3 rd day of the cycle. Elevated estradiol concentrations ensure disturbed recruitment of the dominant follicle already at the beginning of the cycle. Although the cycles are still ovulatory (the dominant follicle can be seen in the ultrasound), pregnancy does not occur. This phenomenon is explained by the worse quality of follicles -that is, the concentration of hormones inside the follicle is lower [2] . Recently, it has also been proven that the aging of the ovary reduces the expression of FSH receptors and androgen receptors [3, 4] .
In some patients, the dehydroepiandrosterone sulphate (DHEA-S) deficiency can sometimes be diagnosed. Only in the next sequence is there a full-blown estrogen deficiency (hot flushes, night sweats, osteopenia). It seems that androgen deficiency may be the first symptom of ovarian hormone deficiency.
In some women with infertility and low ovarian reserve, dehydroepiandrosterone (DHEA) may improve ovarian reserve. Probably this is not so effective if the concentration of endogenous DHEA is correct.
Material and methods
We present 5 cases of patients who could not get pregnant. They had been trying for a child for several years. They were treated with various medications by diverse specialists. The patients did not agree to artificial reproductive technology (ART) for ethical and religious reasons. The patients' age was 34-42 years (mean: 38 years), the time of applying for pregnancy was 2-6 years (mean: 4 years). Patients had elevated FSH and estradiol levels on the third day of the cycle and significantly reduced DHEA-S levels. One patient did not have elevated FSH due to partial hypopituitarism (2 years earlier she had surgery of the pituitary gland due to inactive adenoma). Administration of DHEA (25-50 mg) for several months (3-6 months) resulted in pregnancy. Our experience with the use of DHEA is much greater; however, in these 5 patients, pregnancy was clearly associated with the use of DHEA and is very well documented.
results
The results were presented in Table I .
Discussion
The investigation by Casson et al. [5] might be the first to utilize DHEA in the assisted reproductive techniques mediated by improvement of the ovarian response. Several years later, Barad and Gleicher [6] described an astonishing case with rapidly increased oocyte production after DHEA supplementation. Thus, scientists were interested in the study of DHEA, since it may function as an anti-aging agent to rescue diminished ovarian reserve (DOR) [5, 6] .
Our experience shows that these are clinical situations when the initially determined DHEA-S concentration is below the norm for sex and age. DHEA administration is specially effective for patients who have low endogenous DHEA-S levels in their blood.
ovarian reserve
The following markers are used as predictors of ovarian reserve: FSH on the 3 rd day of the cycle, estradiol on the 
clinical picture
Usually a 30-35-year-old woman, applying for pregnancy, reports to a doctor. Menstruation is usually regular, but there may be shorter cycles (23-25 days) or longer breaks (35-60 days). There may be mild exacerbation of symptoms: a feeling of heat and increased sweating.
Hormonal examination shows hypergonadotropic hypogonadism (i.e. primary hypogonadism). In hormonal tests, elevated levels of FSH (FSH > 15-20 IU/l), high concentrations of estradiol (E2 > 50-80 pg/ml) on day 3 of the cycle, and decreased estradiol concentration in the second phase of the cycle are observed. Ovarian reserve, i.e. AMH < 0.5 ng/ml (< 1 ng/ml) and inhibin B, are very low [7, 8] .
The concentration of FSH > 40 IU/l found at least twice in the 4-6 weeks interval entitles one to recognize premature ovarian failure.
The greater the hormonal insufficiency of the ovaries, the higher is the FSH concentration. Low estradiol levels are caused by ovarian failure and it stimulates the pituitary gland to produce a gonadotropic hormone (high FSH) by feedback.
Premature ovarian failure (POF) is considered to be the end of ovarian function before 40. This term is understood as the ending of hormonal and generative ovarian function caused by depletion of the ovarian follicle pool before the age typical of physiological menopause -that usually is around 50-51 years old.
Follicle stimulating hormone is a glycoprotein pituitary hormone and the main regulator of the reproductive system [9] . It acts on the cells of the granular layer of vesicles in the ovaries of women and -let us not forget -on Sertoli cells in the testes of men. FSH works through membrane receptors (FSHR). The expression of FSHR is also described in blood monocytes, osteoclasts and adrenal glands. It was also found that FSH increases the secretion of vascular endothelial growth factor (VEGF), leading to increased angiogenesis.
It was also established that FSH mediates the growth of cells and neoangiogenesis, that is enhanced by FSHR overexpression in vessels of tumors. For example, the positive effects of degarelix (a gonadoliberin receptor antagonist) in the treatment of colon cancer are considered to be the result of a decrease in FSH levels [4, 10] .
Anti-Müllerian hormone is a glycoprotein produced by the granular cells of antral follicles in the ovary. Anti-Müllerian hormone belongs to the peptide growth and differentiation factors. Anti-Müllerian hormone level does not depend on the day of the cycle. Its level decreases with women's age, and is considered as a good marker of fertility [11] . In patients with polycystic ovary syndrome (PCOS) Anti-Müllerian hormone levels are significantly elevated, because this syndrome has an excessive number of ovarian follicles (but not ripe). Typically, the concentration of AMH in the PCO syndrome is greater than 5.5 ng/ml. Inhibin B also serves to assess ovarian reserve, but its determination depends on the phase of the cycle. It is produced by granular cells of early antral follicles, primarily during the follicular phase of the menstrual cycle. The concentration of inhibin B in the early follicular phase reflects the number and quality of ovarian follicles. The fewer follicles, the lower is the inhibin B level [12] .
Why does DHeA improve diminished ovarian reserve?
Ovarian aging is usually caused by changes resulting from the aging of the organism such as incorrect vascularization of the vesicles (reduction of the amount of oxygen that reaches the vesicle through the vessels), oxidative stress, toxic compounds, infections, and genetic mutations [13] . It has also been proven that ovarian reserve is much more depleted in women who smoke cigarettes. They will experience menopause 2-3 years earlier than nonsmokers.
Studies suggest that DHEA supplementation in some women with reduced ovarian reserve may lead to a natural pregnancy. DHEA supplementation in such patients has been shown to increase the number of preantral follicles and small antral follicles. It also improves the number of embryos obtained in embryo culture in vitro [14, 15] .
DHEA is then used with the hope of improving low ovarian reserve in cases of elevated FSH, decreased AMH, poor response to stimulation, low amount of antral follicles in the ovaries, and advanced patient age [16] .
The mechanism of action of DHEA in ovaries is not fully understood [17, 18] . Recent studies have shown that administration of DHEA increases the expression of androgen receptors (AR) as well as FSHR on granular cells in the ovaries. Through AR or metabolic pathways, androgens are believed to promote recruitment and initiation of primordial follicle growth; stimulate development of primary, preantral, and antral follicles [18] ; rescue follicles from atresia; suppress apoptosis [19, 20] ; and upregulate FSH expression receptor [21] [22] [23] .
A well-known fact is that ovary insufficiency causes an increase in FSH concentration. Nevertheless, even at high FSH levels, folliculotropin has no biological effect (recruitment of the follicles and ovulation). This is -as we now know -because the FSH receptors are no longer sensitive to FSH [24, 25] .
Low AMH? High FSH? Mark DHEA-S!
If the ovarian reserve is lowered, high doses of gonadotropins (FSH) are used for stimulation. Instead of giving increasing doses of FSH to stimulate ovulation, the DHEA-S concentration should be defined [4, 26, 27] .
Dehydroepiandrosterone is a steroid hormone from androgen family. It is made from cholesterol by the adrenal glands and in a much smaller amount by the ovaries and testicles. DHEA is produced by adrenal zona reticularis (50%) and ovarian theca cells (20%), and also derived from circulating DHEA-S (30%) [28] . DHEA levels steadily decrease with age (by 10% per decade), reaching a nadir after the age of 80 years [29] , suggesting that DHEA may be involved in the aging process. DHEA acts anabolically and is a precursor to androgens and estrogens.In women androgens are made Journal of Obstetrics and Gynecological Investigations ■ 2019 e14 Katarzyna Jankowska, Radosław Maksym, Wojciech Zgliczyński from DHEA (mainly testosterone). In men with DHEA, mainly estrogens (estradiol and estrone) are formed. In turn, DHEA-S, i.e. DHEA-SO 4 , is a hormone formed from DHEA.
DHEA production begins at the age of 6-8 years and reaches the maximum level at the age of about 25-30 years, and then begins to decline, to reach the level from the period preceding adolescence at 70 years of age. This decrease is further aggravated by old-age diseases, for example cardiovascular diseases, cancers, immunological deficiencies, depression and diabetes [30] .
DHEA works through receptors for androgens and estrogens. Androgenic action is a consequence of peripheral DHEA conversion via androstenedione to testosterone. It is also a substrate for the synthesis of estrogen in subcutaneous fat tissue, fat tissue of mammary glands, hair follicles and other tissues. DHEA supplementation does not inhibit the secretion of endogenous DHEA (Figure 1) .
A reduced level of DHEA and DHEA-SO 4 may indicate [31] : adrenal insufficiency, e.g. Addison's disease (primary adrenal insufficiency); hypopituitarism; hypothyroidism; autoimmune diseases [32, 33] .
The effects on DHEA and DHEA-SO 4 decline in the body also have long-lasting stress, which is sometimes referred to in the American literature as "adrenal insufficiency syndrome".
Elevated levels of DHEA and DHEA-SO 4 may indicate: adrenocortical tumor; adrenal cancer; overgrow the adrenal cortex; polycystic ovary syndrome; about ACTH stimulation, or adrenocorticotropic hormone.
The impact of DHEA decline on the aging process and age-related diseases.
Reduction in DHEA with age is of clinical significance and is associated with various age-related illnesses. The pos-itive relationship between DHEA concentration and muscle mass, muscular strength as well as mobility and lower risk of falls in the elderly has been proven.
In addition, DHEA has a positive effect on bone mineral density (BMD) through conversion to estrogens (human in vitro osteoblasts exhibit aromatase activity), but also directly through mitogen-activated kinase signaling pathways. DHEA concentrations show a positive correlation with BMD both in women and men.
Regarding neuropsychiatric diseases, the relationship between DHEA and cognitive impairment is still being investigated. There is a clear relationship between DHEA levels and mood disorders [34] . It was found that low DHEA concentrations were associated with symptoms of depression.
Research is ongoing on the relationship between DHEA and risk factors for cardiovascular disease such as hypercholesterolemia and carbohydrate intolerance. Studies have shown that low DHEA levels are associated with a higher risk of atherosclerosis, heart failure, cardiovascular complications, and overall mortality.
DHEA plays an important role in sexual life for both sexes. Low levels of DHEA are associated with a higher risk of erectile dysfunction in men and low sexual activity in women.
review First case description of premature ovarian insufficiency Premature ovarian insufficiency (POI) was defined by de Moraes-Ruehsen and Jones in 1967 as a nonphysiological cessation of menstruation before 40 years after puberty [35] . In Dehydroepiandrosterone can restore the function of the ovaries -a series of 5 cases and a review of the literature 1939, the hormone profile in women with POF was described as hypergonadotropic hypoestrogenism. The clinical picture of POI was presented in detail in 1950 by Atria [36] . This author described 20 young women before 35 with secondary amenorrhea, hot flushes, infertility and atrophic endometrium.
Decreased DHeA in low ovarian reserve
A recent meta-analysis of 14 studies showed that women with POI are characterized by lower levels of androgens that healthy controls: testosterone, dehydroepiandrostenedione sulfate, androstenedione [37] . Others estimated that low DHEA-S levels are quite common and were described in 65% women with DOR [32] , and are much frequent than other endocrinopathies and immunopathies. Although androgen levels are lower than in women with regular cycles, after adjustment for age there is no difference between women with POI and natural post-menopausal women in levels of testosterone, androstenedione and DHEA-S [30] . Some authors report no relation between serum DHEA-S levels with oocyte production and pregnancy rates [38] . Autoimmunity can play a role in the mechanism of DHEA action on DOR. Occurrence of anti-thyroid antibodies in women with POI was associated with enhanced reduction of DHEA-S. Administration of DHEA resulted in decrease in thyroperoxidase autoantibodies levels [33] .
In a group of 25 patients with POF a high proportion (44% vs. 4%) of patients with autoantibodies was described. Interestingly, once again autoimmunity was associated with higher DHEA-S suppression [31] .
Supplementation of DHeA in iVF
Diminished ovarian reserve is a major challenge for ART, because of the growing incidence and significant decrease in the effectiveness of stimulation and outcome of IVF, due to decreased ovarian reserve and oocyte quality. However, ESHRE (European Society of Human Reproduction and Embryology) guidelines do not support any treatment modality in premature ovarian insufficiency except oocyte donation and indicate that androgen supplementation has limited evidence [39] . Many attempts are made to increase the effectiveness of treatment in the group of infertile DOR patients. DHEA supplementation is one of the approaches to the problem. A recent meta-analysis showed that the clinical pregnancy rates were increased significantly with DHEA pre-treatment (OR = 1.47, 95% CI: 1.09-1.99). There were no differences in the number of oocytes retrieved, the IVF cancellation rate, or the miscarriage rate [40] .
An older meta-analysis showed DHEA as a therapy able to improve IVF outcomes in women with diminished ovarian reserve. However, randomized controlled trials did not show the benefit of DHEA therapy, although one prospective randomized study revealed that DHEA can increase fertility potential in women without diminished ovarian reserve [41] . Since patients with normal reserve when treated with DHEA had a significantly higher live birth rate and a lower abortion rate [42] , it was suggested that all women above 35 years of age could be supplemented with DHEA to reduce the miscarriage rate [43] .
The mechanism underlying beneficial activity of DHEA was found to be complex. DHEA supplementation increases the number of top-quality embryos, transferred embryos and fertilization rate compared with those without DHEA supplementation. Supplementation with DHEA was shown to reduce the DNA damage and apoptosis rate, and enhance the mitochondrial mass and mitochondrial dehydrogenase activity in cumulus cells [44] . After DHEA supplementation a higher embryo score is accompanied by changes in follicular fluid composition that includes bone morphogenic protein-15 (BMP-15) [45] . Others showed that the beneficial effect of DHEA on the ovary is related to a reduced level of a senescence marker, namely senescence-associated β-galactosidase (SA-β-gal) in cumulus cells, as well as in a granulosa cell line [46] . Substitution also upregulated the expression of AR and FSHR on granulosa cells and higher upregulation was associated with better stimulation outcomes [47] . DHEA and its downstream products may also act through modification of the immune response. The supplementation can also enhance the Th1 immune response and switch the balance of the Th1/Th2 response. DHEA treatment can increase T lymphocyte infiltration in mice, resulting in a decline in the CD4+ T lymphocyte population, upregulation of the CD8+ T lymphocyte population and changing of the balance between CD4+/CD8+ T cells [48] .
The levels of DHEA-S and testosterone were proposed as predictive factors of the IVF success rate in DOR patients. Basal levels of DHEA-S and testosterone were similar between pregnant and non-pregnant cases. Basal levels of androgens, in contrast to AMH and FSH levels, do not predict the outcome parameters of the IVF procedure [19] .
Supplementation of DHeA in natural reproduction
Supplementation of DHEA was also applied in infertile women with low ovarian reserve trying to conceive spontaneously. One of the preliminary case series, by Mamas and Mamas, reports five women with POI treated with DHEA. The therapy caused reduction in FSH levels and spontaneous conception in all patients within 1-6 months [20] . DHEA was proven to significantly increase AMH in women with DOR. Beneficial results were found in AFC, estradiol, inhibin B and FSH levels [12, 49, 50] . Studies on women pre-treated with DHEA, because of poor response, showed a surprisingly high proportion of spontaneous incidental pregnancies and ongoing pregnancies at the level of 21.05% and 13.15% respectively. A recent study showed that only 2 out of 20 treated women conceived spontaneously in the DHEA group [51] .
In the rat model of DOR administration of DHEA partially reverses the phenotype and reduces the atresia rate of the follicles. After supplementation animals had a significantly higher number of primordial, primary, and growing follicles than untreated animals. Despite the androgen supplementation the number of follicles was still lower than in control rats without DOR [52] .
A study performed in a rat model of DOR revealed that there is a therapeutic window for DHEA supplementation. Higher doses of DHEA do not improve ovarian reserve and Journal of Obstetrics and Gynecological Investigations ■ 2019 e16 Katarzyna Jankowska, Radosław Maksym, Wojciech Zgliczyński pregnancy outcome, but induce PCOS-like morphology of ovaries with impaired fertility. It indicates the need of personalization of the treatment. Adjustment of a proper dose of DHEA and the selection of patients who will benefit from the therapy would increase the effectiveness [53] .
conclusions
The paper presents 5 cases of patients with reduced ovarian reserve who became pregnant and gave birth to healthy children after administering DHEA. The literature also describes spontaneous pregnancy incidents in infertile patients with reduced ovarian reserve who received DHEA. Similarly, some patients qualified for the IVF procedure using the donor's egg cells were given pregnancies before the procedure of in vitro fertilization began. It has been found that the administration of DHEA in patients with premature ovarian failure prolongs the chances of pregnancy, reduces the risk of miscarriage and increases the chance of success when using IVF methods [14, 15, 16, [54] [55] [56] [57] .
In women with infertility and low ovarian reserve, DHEA may improve ovarian reserve. Presented case reports confirm this effect of DHEA. Based on previous studies, it is known that DHEA stimulates the maturation of primordial follicles to preantral vesicles. Recently, this effect has been shown to increase the expression of androgen receptors and receptors for FSH in the ovaries [4] . According to the authors, it is specially effective to administer this hormone to women who have low endogenous secretion of dehydroepiandrosterone. DHEA-S concentration in the blood should be measured in all women with diminished ovarian reserve, especially those who are qualified for ART. The question to consider is whether DHEA-S levels should be measured in the blood of infertile men. There are FSH receptors on Sertoli cells [4] . If DHEA-S increases the expression of FSH receptors and sensitivity to FSH, a deficiency of this hormone may interfere with the process of spermatogenesis. It would be interesting to study the levels of FSH, inhibin B and DHEA-S in infertile men. Perhaps DHEA-S deficiency disrupts sperm maturation.
